This study was designed to evaluate the effect of propellant formulation and geometry on the solid propellant grains internal ballistic performance using core, bates, rod and tubular and end-burn geometries. Response Surface Methodology (RSM) was used to analyze and optimize the effect of sucrose, potassium nitrate and carbon on the chamber pressure, temperature, thrust and specific impulse of the solid propellant grains through Central Composite Design (CCD) of the experiment. An increase in potassium nitrate increased the specific impulse while an increase in sucrose and carbon decreased specific impulse. The coefficient of determination (R 2 ) for models of chamber pressure, temperature, thrust and specific impulse in terms of composition and geometry were 0.9737, 0.9984, 0.9745 and 0.9589, respectively. The optimum specific impulse of 127.89 s, pressure (462201 Pa), temperature (1618.3 K) and thrust (834.83 N) were obtained using 0.584 kg of sucrose, 1.364 kg of potassium nitrate and 0.052 kg of carbon as well as bate geometry. There was no significant difference between the calculated and experimented ballistic properties at p < 0.05. The bate grain geometry is more efficient for minimizing the oscillatory pressure in the combustion chamber.
INTRODUCTION
Solid Rocket Motor (SRM) comprises of a combustion chamber, nozzle, and grain [1] . A complex interrelationship between these three subsystems and their proper integration determine the performance of a particular SRM mission [2] . Effort to minimize the pressure and friction losses of internal and external flows may increase the range or payload capacity of SRM. Performance characteristics, envelope constraints and mission profile are important considerations in combustion chamber design and these are hinged on grain design and burning surface of the propellant grains [3] .
The nozzle is another important component of rockets because its efficiency significantly affects rocket's performance. By minimizing the losses in the nozzle, the thrust of a rocket can be increased by keeping the grain geometry fixed [3] . Specification of limiting conditions is another challenging task for a designer to prevent failures from excessive deformation of the propellant; over pressurization due to propellant cracking; casing burn-through due to premature exposure of the insulation because of the grain structural failure or the propellant-insulation-motor casing bond failure [4] .
Standard composite propellants for space applications contain metal powders for the increment of gravimetric specific impulse. The final formulation is usually a compromise between 10-14% of binder, 60-80% of oxidizer and up to 20% of metal [5, 6] . When metalized propellants burn, a complex process of aggregation to agglomeration takes place at the burning surface. Condensed combustion products that leave the burning surface are released in the gas phase where combustion process keeps progressing while they move towards the nozzle [7] . The rocket motor's operation in terms of volumetric efficiency and average pressure over the course of the burn depends combustion characteristics of the propellants, its burning rates, burning surface and grain geometry [4, 8, 9, 10] .
In the modern solid propellants, the oxidant is usually one of the inorganic salts such as potassium nitrate, chlorates and perchlorates and the fuels sometimes include sulphur while carbon serves as the organic binder. The various combinations of propellants ingredients are meant to give burning stability and storage stability. The presence of carbon and the byproducts of inorganic oxidants, potassium and sodium salts produces a higher molecular weight and hence lower exhaust velocity. This affects the performance of the nozzle in converting heat energy into gas flow [11] . The overall thrust profile can be controlled by the shape of the grains as well as the stability of the thrust. The stability of the thrust is determined by the rate at which the surface of the burning grain is consumed which itself is a function of pressure in the combustion chamber. Therefore, the pressure and thrust are dependent on the recession rate and the area of the burning surface [8, 11] .
Propellant grains, based on their combustion surfaces, can be classified as regressive, neutral and progressive burning. If there is a central core, it is usually a neutral burning grain; cylindrical, spherical and cubical grains exhibit regressive burning. And, multi-perforated grains are usually progressive burning [8, 12] . Temperature and pressure of the combustion chamber as well as solid propellant compositions are also important parameters affecting the burn rate [9] . Also, as initial temperature and pressure of the combustion chamber increased, the burn rate increased. With that, as the fuel temperature increased, the end pressure also increased which shortened the combustion duration [13] . Other studies whose burn rate, combustion surface and pressure relations have been investigated in a wide range of pressures includes Meda et al. [14] , Song et al. [15] and found that burn rate increased not only by increasing pressure but also combustion surface area.
Many approaches, starting from gradient methods to basic heuristics, especially tailored meta-heuristics and hybrid heuristics, have been used for design and optimization process of SRM system parameters and sub-components. Design and optimization of SRM have evolved from several previous studies [16 -28] . However, there is a need to improve SRM modelling and the application of optimization technique to relate various factors like geometries and composition to the performance of the SRM. Present research effort proposes a solution strategy using Response Surface Methodology (RSM) [29] in trying to improve the design process considering both modelling and optimization issues. The solid propellant grains considered for this study are hollow-cylindrical, bates, rod and tubular and end burn grains. Response surface methodology (RSM) has been shown to be an effective tool for optimizing a process as highlighted by various authors [29, 30] .
MATERIALS AND METHODS

Propellant preparation
A solid propellant of potassium nitrate base was prepared by re-crystallization method. The basic ingredients of the solid propellant used were Sucrose, Potassium Nitrate and Carbon. The Sucrose serves as the fuel, Potassium Nitrate as the oxidizer and Carbon as a pacifier. The proportion of Sucrose in a formulation ranged between 25.6% and 38.4%, Potassium Nitrate ranged between 52% and 78% and Carbon ranged between 2.4% and 3.6%. The propellant grain of mass 2 kg was considered for the firing test of each of the formulation. The Potassium Nitrate was dissolved in hot water at 100 0 C in a thermostatic bath at a ratio 1: 1 on weight to volume basis. Then the Sucrose was added at the same temperature and stirred until homogeneity was achieved. This was followed by carbon until homogeneous slurry was achieved. This slurry was then casted in an already prepared mould of hollow core, bates, rod and tubular, and end burn geometry grains. These were allowed to cure at room temperature in a desiccant for 12 hours to attain its original temperature, 298 K [Robert, 2009] . The cured propellant was removed from the mould and therefore set for combustion.
Static firing test
The prepared propellant was inserted into the combustion chamber of the De Laval nozzle SRM where it was ignited. The combustion process produced the energy that was converted to the thrust propelling the rocket to predetermined altitude. The ballistic states of the combustion process measured were pressures (MPa), temperature (K), thrust (N) and specific impulse using data acquisition system connected with rocket motor chamber. The specific impulse, I SP is the thrust per unit weight flow rate of the propellant expressed as shown on equation (1) . The static firing tests were carried out for combustion process at the Centre for Space Transport and Propulsion, Epe, Lagos.
Experimental design
In this study Central Composite Design (CCD) in RSM using Design expert software was used to design and optimise the experiment. The design was based on the fact that each of the chamber pressure, temperature, thrust and specific impulse of the SRM is functionally related to specific propellant formulation and geometry. Multiple regression equation describing ballistic properties in terms of composition and geometry were fitted. List of ingredients in the descending order of assumed importance as a propellant composition are as presented on Table 1 . The composition of propellant has the following form: A (Sucrose) + B (Potassium Nitrate) + C (Carbon) = 100%. This equation implies mathematical linear dependence of the variables if the amounts of ingredients are used directly as variables, from the equation, the quantity of any ingredient is uniquely determined by the amounts of the other two. To function in a multiple factor analysis, these ingredients were transformed into ratios, which can be varied independently for mathematical consistency. For this experiment, the ingredients ratios were selected as the x i variables as shown on equation (2) -(3): 
A centre point for the design was selected with ingredients at levels expected to yield, at least, satisfactory experimental results. With the centre composition selected, the normal i x ratios were calculated by using the normal weight composition of the formulation given in Table 1 . The design depended upon the symmetrical selection of variation increments about the centre composition. These levels of variation were chosen to be within the range of formulation, and the increments were carefully selected, as interpretation of the result valid only within the experimental limits. The increments of variation for each variable spaced around the centre point ratios, along with the (2) 
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A centre point for the design was selected with ingredients at levels expected to yield, at least, satisfactory experimental results. With the centre composition selected, the normal x i ratios were calculated by using the normal weight composition of the formulation given in Table 1 . The design depended upon the symmetrical selection of variation increments about the centre composition. These levels of variation were chosen to be within the range of formulation, and the increments were carefully selected, as interpretation of the result valid only within the experimental limits. The increments of variation for each variable spaced around the centre point ratios, along with the equations relating the actual and coded ratios, are presented in Table 2 . By substituting these equations, compositions were coded for solution of the multiple regression equations. The coded level equations are as shown in equations (4) - (5). Where x i and coded X i ratios are related by the following equations:
C. Carbon as opacifier Where xi and coded Xi ratios are related by the following eq Where xi and coded Xi ratios are related by the following equ
Before this type of experiment could be carried out, the coded X i ratios for each formulation as per experimental design were translated into workable propellant formulation. The propellant ingredient compositions were obtained by systematic algebraic solutions for A, B and C in terms of actual x i ratios and a unit quantity of a propellant. The resulting design is as presented in Table 3 . The equations derived for the general case are equations (6) - (8) . The CCD experiment used was a three factors comprising two numerical factors (X 1 and X 2 ) at three levels and one categorical factor (grain geometry -X 3 ) at four ordinal levels: core (1), bates (2), rod (3) and end burns(4) with four responses (Chamber pressure, temperature, thrust and specific impulse). X 3 was transformed Table 3 . 
Data analysis and optimization
Multiple regression analysis was used to fit the model represented by equation (9) to the experimental data. In order to analyze the experimental design by RSM, it was assumed that there existed a mathematical function, f h (h = 1, 2, ..., n) for each response variable, Y h in term of m independent ballistic variable X i (i = 1, 2, ..., n).
In this experiment, n = 2 and m = 4. In order to approximate this function a second order polynomial equation (10) Maximization and minimization of the polynomial thus fitted was performed by numerical techniques, using the mathematical optimizer procedure of Design Expert 6.8 that deals with constraints. The constraints are set to get the coded value of a variable between the lower and upper limits for an optimum response (a minimum and a maximum level must be provided for each parameter included). The response surfaces and perturbation plots for these models were plotted as a function of two variables, while keeping the other variables at the optimum level.
RESULTS AND DISCUSSION
Effects of propellant formulation and geometry on ballistic properties.
The effects of various propellant formulation and geometry on the internal ballistic properties of the SRM as obtained from static firing tests are as presented in Table 4 . Considering the four geometries studied, chamber pressure, chamber temperature, thrust and specific impulse decreased with increasing sucrose while they all increased with increasing potassium nitrate. However, as pointed out by Sutton and Biblarz, [8] and Turner [11] and, the fundamental requirement of a SRM is to develop very high thrust per mass. This then shows the importance of the specific impulse in the discussion of the SRM performance and that since the effect of the other three are directly linked to it, its trend can simply be used to explain that of others. The general increment of specific impulse with the increase in potassium nitrate is due to the presence of more oxidizer to improve the efficiency of combustion in the chamber thereby increasing the conversion of heat energy to thrust and reducing the weight of the particles that are byproducts of combustion. This finding is in line with the result of Wu et al. [13] and Richards [31] . Bates grains had the highest specific impulse within the range of solid propellant formulations verified with the firing static test. The bates grains burnt within 3 s with maximum specific impulse of 127.9 s when compared with other grains considered such as Hollow-Cylindrical core grains that also burnt in 3.5 s but with the specific impulse of 80.6s, Rod and Tubular burnt in 4 s with specific impulse of 86.9 s and End Burn grains burnt in 5 s with specific impulse of 85.6 s. The best specific impulse was achieved in bates grains because much more surface area was exposed to burning which actually accounted for its lowest burn time compared with other grains geometry. This is in agreement with some previous works [4, 8, 9, 10, 32] . The perturbation graph of the four geometries showing the variation of specific impulse with varying propellant compositions are as shown on Figure  1 . From this observation, as more surface area is being exposed to burning, there will be corresponding increase in specific impulse and by implication thrust of a propellant. This will automatically reduce the pressure, increase burn rate, reduce erroneous burning and enhanced the combustion stability of the SRM.
Estimation of the fitted models parameters
In developing the mathematical models for ballistic internal properties (chamber pressure, chamber temperature, thrust and specific impulse) of the solid propellant, multiple regression analyses were conducted in obtaining the models. All main effects, linear and quadratic, and interaction were estimated for each model. The coefficients of each factor as well as the coefficient of determination obtained for each model are as presented on Table 5 . The square of the coefficients of regression (R 2 ) for chamber pressure, chamber temperature, thrust and specific impulse models are 0.9737, 0.9984, 0.9745 and 0.9589, respectively. These values are quite high for response surfaces and indicated that the fitted quadratic models accounted for more than 98% of the variance in the experimental data. In estimating these models, the categorical factor (geometry) has been coded numerically by the software in order to accommodate the variation of geometries in the final analysis of the model. Ordinal categorical factor can used when the ordering can be interpreted with meaning and the treatments are numeric. If there is no "number" that makes sense, a numeric rank can be used and this has been adopted in this study. Based on t-statistics, the regression coefficients that are not significant at 95% were discarded while only those that are significant were selected for the models of chamber pressure, chamber temperature, thrust and specific impulse as shown in equations (11) (14) As shown on the equations (11) - (14), most of the linear, quadratic and interaction terms of the models were significant. This models showed that the composition ratio and by implication the actual composition and the geometries all have effect on the final properties of the SRM internal system. The inclusion of sucrose, potassium nitrates and the geometry had various effects on the final performance of the SRM in terms of the ballistic properties. Increasing the amount of sucrose in the composition reduces all the three properties while any increment in potassium nitrate increases their value. These fitted models were tested for adequacy and consistency using Analysis of Variance (ANOVA) and the values of various computation are as presented on Table 6 . The results from the ANOVA revealed that the F-values for chamber pressure, temperature, thrust and specific impulse are 675.03, 714.48, 694.02 and 592.74, respectively. These are significant at the 95 % level. Also, using diagnostic plot of residual value against the actual value, there were no outlier in the plot and this confirms the stability of the model. (11) - (14), most of the linear, quadratic and interaction terms of the models were significant. These models showed that the composition ratio and by implication the actual composition and the geometries all have effect on the final properties of the SRM internal system. The inclusion of sucrose, potassium nitrates and the geometry had various effects on the final performance of the SRM in terms of ballistic properties. Increasing the amount of sucrose in the composition reduces all the three properties while any increment in potassium nitrate increases their value. These fitted models were tested for adequacy and consistency using Analysis of Variance (ANOVA) and the values of various computation are as presented in Table 6 .
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As shown in the equations
The results from the ANOVA revealed that the F-values for chamber pressure, temperature, thrust and specific impulse are 675.03, 714.48, 694.02 and 592.74, respectively. These are significant at the 95% level. Also, using diagnostic plot of residual value against the actual value, there were no outlier in the plot and this confirms the stability of the model. * Significant level at p < 0.05.
Fig. 2. Optimization tree for propellant formulation
Optimization and validation of solid propellant formulation
The RSM was used to find the maximum specific impulse and thrust subject to the ranges of the chamber pressure and temperature. The optimum specific impulse obtained was 127.89 s, Chamber pressure (462201 Pa), Temperature (1618.31 K), Thrust (834.83 N) at sucrose ratio of 0.4122, potassium nitrate (25.9997) and bate geometry. As shown on the optimization tree Figure 2 , the desirability index of the optimization procedure is 0.999 which is almost unity. This shows the level of optimality of the analysis. Another production constraints given was to minimize both the pressure and temperature while the thrust and specific impulse were maximized. The result of these two conditions were validated experimentally in triplicates and the average values of two set validations were compared with the optimum value using t-test. There were no significant difference between the validation and calculated values at p <0.05.This affirms the reliability of the optimization framework developed. The actual weight basis of the propellant formulation for the optimum mixes and their comparison are as shown on Table 7 .
CONCLUSION
The ballistic properties increased with increase in potassium nitrate which is the oxidizer and decreased with increase in sucrose. and carbon. Therefore, potassium nitrate enhanced better specific impulse, which is the measure of propellant performance. Response Surface Methodology was successfully applied to the determination of the optimum formulation of solid propellant grains prepared using potassium nitrate and sucrose as main ingredient. The model predictions were accurate and reliable. Therefore, RSM is a reliable and powerful tool for optimization of solid propellant grains design and bate grain geometry is more efficient for minimizing the oscillatory pressure in the combustion chamber.
